INTRODUCTION
In the developing nervous system, newborn neurons undergo extensive migration from their birthplace to the designated locations (Hatten, 1999) . Migrating neurons exhibit a polarized morphology, with a leading process and a highly dynamic tip similar to that found at axonal growth cones (Komuro et al., 2001) . The leading growth cone and the soma exhibit saltatory but coordinated motility during neuronal migration (Edmondson and Hatten, 1987; Komuro et al., 2001; Schaar and McConnell, 2005) . How the motility of these two distant parts of the neuron is coordinated is largely unknown. Neuronal migration along specific pathways is apparently guided by extracellular signals (Guan and Rao, 2003; Hatten, 1999) , some of which also guide axonal growth cones during their path finding later in development (Huber et al., 2003; Tessier-Lavigne and Goodman, 1996) . An intriguing possibility is that the guidance of neuronal migration is mainly determined by the action of guidance cues on the growth cone of the leading process, and subsequent long-range signaling from the leading growth cone to the soma coordinates the translocation of the soma. Alternatively, the soma directly senses the extracellular guidance signal in a manner that is relatively independent of the leading growth cone. In the present study, we specifically examined these two possibilities by using isolated cerebellar granule cells in culture. In particular, we have monitored the behavior of the growth cone and the soma in response to an extracellular gradient of Slit-2, a repulsive factor that is known to halt or to reverse the direction of neuronal migration when applied in front of the migrating neuron (Ward et al., 2005; Wu et al., 1999; Xu et al., 2004) . The Slit-2 and its receptor Robo2 are expressed in developing cerebellar Purkinje cells and granule cells, respectively (Marillat et al., 2002) , and the repulsive action of Slit-2 may thus help to maintain the tangential migration of granule cells in the external germinal layer by preventing their premature inward migration across the Purkinje cells into the internal germinal layer of the neonatal cerebellum.
The mechanisms underlying axon guidance by extracellular signals have been extensively studied. Each guidance factor may activate a cascade of cytoplasmic signals, which eventually induce cytoskeleton rearrangements required for directed growth-cone extension (Huber et al., 2003) . Among various cytoplasmic second messengers, Ca 2+ signal mediates both attractive and repulsive responses of growth cones induced by several guidance factors (Henley and Poo, 2004) and is also critical for neuronal migration (Komuro and Rakic, 1996; Xu et al., 2004; Yacubova and Komuro, 2002) . In the present study, we found that the leading growth cone is responsible for sensing extracellular Slit-2, and a propagating Ca wave from the leading growth cone to the soma is responsible for inducing the reversal in the direction of soma translocation in response to a frontal gradient of Slit-2. Furthermore, Ca 2+ wave induced by Ca 2+ release from internal stores was sufficient to reverse the soma translocation. Finally, we found that the reversal of migration induced by Slit-2 required RhoA activity in these neurons and correlated with an anterior-to-posterior redistribution of active RhoA in the soma. Such RhoA redistribution may lead to the cytoskeletal rearrangement underlying the reversal of soma translocation.
RESULTS

Leading Growth Cone Is Responsible for Sensing Slit-2
Dissociated granule cells obtained from cerebella of postnatal rats (P0-P3) were cultured for 12-20 hr before experiments on the microscopic stage at 37 C. The majority of isolated cells migrated spontaneously in culture and exhibited the typical morphology of migrating neurons, with a prominent leading neurite and a thin trailing neurite ( Figure S1A ). Consistent with previous reports (Edmondson and Hatten, 1987; Komuro et al., 2001) , extension of the leading growth cone did not synchronize with the soma translocation (Figures S1D-S1F; Movie S1). However, the trajectory, net translocation, and average migration rate of these two distant parts of the neuron were all highly correlated (Figures S1B, S1C, and S1G).
To examine the behavior of the growth cone and the soma in response to extracellular guidance cues, we applied a gradient of Slit-2 in front of the leading growth cone of single migrating neurons at a distance of about 70 mm. The majority (40/46) of growth cones became inhibited in their motility and showed collapse or retraction within 20 min. For 39/40 of these cells, the soma later reversed its direction of translocation, and the original trailing neurite assumed active motility in the reversed direction ( Figure 1A ; Movie S2). In nearly all cells examined, the direction and the distance of soma translocation correlated well with that of the leading growth cone, although the onset of growth-cone inhibition/retraction preceded the change in the rate of soma translocation by about 5-10 min ( Figure 1B) . Surprisingly, we found that, in contrast to the situation of frontal application of the Slit-2 gradient, the forward soma translocation was not affected when the same Slit-2 gradient was applied in front of the soma in the middle of leading neurite (20-30 mm from the soma, Figures 1C and 1D) or in front of the trailing neurite (70 mm from the soma, data not shown). Thus the soma and the trailing neurite were insensitive to the Slit-2 gradient, and the reversal of soma translocation appeared to be initiated by signals received at the leading growth cone.
We further examined whether Slit-2-induced reversal of neuronal migration is mediated by the interaction between Slit-2 and Robo2, a Slit-2 receptor known to be expressed in these granule cells (Marillat et al., 2002) . In the presence of the conditioned medium of HEK293 cells that express (B) shows changes in the rate of growth-cone extension and soma translocation after frontal application of the Slit-2 gradient (n = 10). Dotted lines mark the onset of detectable changes. Data represent mean ± SEM. (C) Images show a neuron after application of the Slit-2 gradient in front of the soma. (D) The average rate (± SEM, n = 10) of the extension of leading and trailing neurites and of soma movement under various conditions is shown. (E) Example of a cultured granule neuron cotransfected with dsRed and GFP-tagged Robo2 is shown. The fluorescence intensity ratio of Robo2-GFP to dsRed represents the Robo2 density normalized by the thickness of the cell and coded by pseudocolors in a linear scale (bar on the right). Scale is 10 mm.
the recombinant peptide of Robo2 ectodomain fused with the Fc fragment of IgG (nRobo2-Fc, Hivert et al., 2002) , frontal application of Slit-2 failed to induce both the collapse of the growth cone and the reversal of migration ( Figure 1D ). Furthermore, using cultured granule cells cotransfected with constructs expressing GFP-tagged Robo2 and a red fluorescence protein dsRed, a marker for the cytoplasm, we found that the GFP fluorescence (normalized by that of dsRed) was present mostly in the leading process and enriched at the growth cone ( Figure 1E ). Similar Robo2-GFP distribution was also observed by normalizing the GFP fluorescence to that of a plasmamembrane marker DiI (1, 1 0 -dioctadecyl -3, 3, 3 0 , 3 0 -tetramethylindocarbocyanine; Figure S2 ). Such polarized distribution was also reported for Robo1 in cultured neurons from anterior subventricular zone (SVZa; Ward et al., 2005) . Thus the apparent sensitivity of the leading process to Slit-2 may be attributed to a preferential growth-cone localization of Robo2 in these granule cells. (Figures 2A, 2B and S3) . In contrast, when the Slit-2 gradient was applied at a similar distance from the rear of the migrating neuron, no Ca 2+ elevation was observed in either the soma or the neurite ( Figures 2C and 2D) , consistent with the very low level of Robo2 at the soma and the lack of motility change when the Slit-2 gradient was applied directly near the soma (Figures 1C-1E ). Using a higher rate of imaging, we found that the Ca 2+ elevation at the leading growth cone triggered by the frontal gradient of Slit-2 preceded that at the soma by a few seconds (Figures 2E and 2F) , suggesting a propagating Ca 2+ wave from the growth cone to the soma. (Berridge, 2002; Verkhratsky, 2002) .
In the present study, we found that bath application of ryanodine at a high concentration (0.5 mM), which is known to reduce CICR by blocking activated ryanodine channels in the endoplasmic reticulum (Meissner, 1986; Sutko et al., 1997) , indeed abolished Slit-2-induced Ca 2+ elevation in the soma without significant effect on that at the growth cone ( Figures 3A and 3B) . Furthermore, local perfusion at the soma with a solution containing high-level ryanodine (2 mM) abolished the Slit-2-induced reversal of soma translocation, although the growth-cone collapse still occurred ( Figures 3C and 3D ) and the soma halted its forward translocation after full retraction of the leading ] i rise at the soma (dotted lines in F, n = 18). Scale is 10 mm. Data represent mean ± SEM.
process. In the absence of Slit-2, perfusion of high-level ryanodine at the soma had no adverse effect on its motility, as shown by the normal rate of translocation ( Figure 3D ). These results indicate that Ca 2+ elevation at the soma, triggered by a propagated Ca 2+ wave initiated at the leading growth cone, is required for the Slit-2-induced reversal of soma translocation.
To further determine whether the propagating Ca 2+ wave arriving at the soma is by itself sufficient to induce the reversal of soma translocation, we applied ryanodine at a low concentration (10 mM in the pipette and 70 mm from the soma, producing 10-100 nM at the soma; see Hong et al., 2000) in front of the migrating neuron. At this low concentration, ryanodine is known to activate ryanodine channels and release Ca 2+ from internal stores (Meissner, 1986; Sutko et al., 1997) . We found that such frontal gradient of low-level ryanodine indeed triggered Ca 2+ elevation in the soma (Figures 3F and S3) similar to that triggered by Slit-2 and caused the reversal of soma translocation ( Figures 3E and 3D ). In comparison with the Slit-2-induced reversal, this low ryanodine application did not cause an immediate collapse of the leading growth cone in most cases, although the original leading neurite eventually retracted, presumably due to competition between the two neurites following the reversal of migration. Thus Ca 2+ elevation at the soma triggered by the frontal gradient of either Slit-2 or low-level ryanodine was sufficient to induce the reversal of neuronal migration.
RhoA Is Required for Ca
2+ -Mediated Reversal of Soma Translocation
The reversal of soma translocation triggered by the Ca 2+ wave may involve cytoskeletal rearrangements. Members of the Rho family of GTPases (RhoGTPases, including RhoA, Rac1, Cdc42), which are downstream effectors of Ca 2+ signals (Jin et al., 2005; Price et al., 2003) , have emerged as key regulators of cytoskeletal rearrangements underlying neurite growth, growth-cone guidance, and cell motility (Etienne-Manneville and Hall, 2002; Fukata et al., 2003; Luo, 2000) . We thus examined the involvement of RhoGTPases in the regulation of granule cell migration by Slit-2. We first incubated the culture for 10 hr with a general RhoGTPase inhibitor toxin B (10 ng/ml) that did not affect the spontaneous migration of these granule cells.
Frontal application of the Slit-2 gradient on these toxin-B-treated cells still induced an immediate growth-cone collapse and retraction that was followed by the halting of forward soma translocation but resulted in no reversal of soma translocation ( Figure 4D ). This result suggests that RhoGTPase activity is essential for the reversal of soma translocation of these cells but not for the growthcone collapse induced by Slit-2. Further experiments were carried out on granule cells transfected with constructs expressing fusion proteins of GFP and various dominant-negative (DN) forms of RhoGTPases. Pull-down assay performed in HEK293 cells transfected with these DN-RhoGTPases confirmed the reduced binding activity of these enzymes with their downstream substrates as compared to that of corresponding wild-type (WT) proteins ( Figure 4A ). In cultured granule cells expressing DN-RhoA-GFP, we found that the frontal Slit-2 gradient failed to induce the reversal of migration ( Figures 4B and 4D ), although the leading growth cone still exhibited collapse, and the forward soma translocation was consequently halted. In contrast, Slit-2-induced reversal was unaffected in cells expressing DN-Cdc42-GFP, DN-Rac1-GFP ( Figures 4C and 4D ), or GFP alone (data not shown). Thus the activity of RhoA, but not of Cdc42 or Rac1, is specifically required for the Slit-2-induced reversal of soma translocation. In support of this idea, we found that Slit-2-induced migration reversal was abolished by bath incubation of the granule cells with a specific membrane-permeable RhoA inhibitor C3 transferase (for 4 hr) or with Y27632, a specific inhibitor of RhoA-dependent kinase ( Figure 4D ), with spontaneous migration of these neurons unaffected (data not shown).
Finally, we found that the reversal of migration induced by the frontal gradient of low-level ryanodine was also prevented by the presence of Y27632 ( Figure 4D ), suggesting that RhoA acts downstream of the Ca 2+ signal during the reversal process. When the reversal was blocked by Y27632, the frontal gradient of the low ryanodine often did not cause the collapse of the leading growth cone ( Figure 3E ), and the soma still moved forward, unlike the halting of soma translocation induced by the frontal Slit-2 gradient. This suggests that RhoA activity is specifically required for regulating soma translocation, but not growth-cone motility, during Ca 2+ -triggered reversal of migration.
To further elucidate the role of RhoA in the reversal of migration, we used pull-down assays to examine the activity of RhoA in cultured granule cells. We found that bath application of Slit-2 caused a reduction of RhoA activity in these cells within 5 min (Figures 4E and 4F) , and this reduction was blocked by bath application of We found that cells expressing DN-RhoA-GFP consistently showed a polarized distribution of GFP fluorescence in the soma, with accumulation toward the leading front ( Figure 4B ). In contrast, such polarized distribution was not observed in cells expressing DN-Cdc42-GFP ( Figure 4C ) or DN-Rac1-GFP (data not shown). Furthermore, studies using cells transfected with WT GFP-tagged GTPases also showed similar polarized soma distribution of RhoA, but not of Cdc42 or Rac1 ( Figures 5A, 5B , and S4). These observations prompted us to further examine the dynamics of RhoA distribution during the Ca 2+ -mediated reversal of soma translocation. Using cells expressing WT-RhoA-GFP, we found that migrating granule cells exhibited a polarized RhoA accumulation in the soma toward the leading front ( Figures 5A-5C and S4 ). Following frontal application of the Slit-2 gradient at the leading growth cone, a redistribution of RhoA occurred with a time course similar to that found for the reversal of soma translocation ( Figures 5C, 5D , and 5F). Furthermore, this Slit-2-induced RhoA redistribution was abolished by bath application of ryanodine at a high concentration (0.5 mM, Figures 5E and 5F), a condition that abolished the propagating Ca
2+
wave and the reversal of soma translocation ( Figures  3A-3D and 5E ). In addition, a frontal gradient of low-level ryanodine, which triggered Ca 2+ elevation and the reversal of soma translocation ( Figures 3E, 3F , and S3), was sufficient to induce RhoA redistribution in the soma (Figure 5F ), similar to the effect of Slit-2 gradient. Together, these results suggest that cytoplasmic redistribution of RhoA requires Ca 2+ elevation and may be responsible for the cytoskeletal rearrangement underlying the reversal of soma translocation.
Redistribution of Active RhoA during the Reversal of Neuronal Migration
To determine whether the asymmetric RhoA distribution in migrating neurons directly reflects an asymmetry in the RhoA activity, we have used the method of fluorescence resonance energy transfer (FRET) to monitor the active RhoA in these granule cells. The FRET probe was constructed by linking CFP-conjugated RhoA and YFPconjugated RhoA-binding domain (RBD) of Rhotekin (YFP-RBD-RhoA-CFP), a configuration sensitive to the activation of RhoA by guanine nucleotide exchange factor (GEF; Yoshizaki et al., 2003) . The reliability of the probe was confirmed in transfected granule cells by the finding of a significant elevation of the FRET signal in response to lysophosphatidic acid (LPA, Figure 6A ), which is known to activate RhoA (Kozma et al., 1997) . Similar to the distribution of total RhoA in migrating cells, the FRET signal for the active RhoA also displayed a polarized distribution, with the leading front of the neuron and the soma exhibiting higher activity ( Figure 6B ), consistent with that found in migrating fibroblasts (Pertz et al., 2006) . Application of Slit-2 resulted in a reduction in the FRET signal in these granule cells ( Figure S5 ), consistent with the finding of inhibition of RhoA activity by Slit-2 in the pull-down assay ( Figures 4E and 4F ). Moreover, we observed a translocation of the active RhoA to the opposite pole of the soma during the reversal of soma translocation induced by the frontal gradient of either Slit-2 or low-level ryanodine (Figures 6C and 6D ). However, probably as a result of the perturbation of endogenous RhoA activity by the FRET probe, many FRET-probe-transfected cells that were exposed to the Slit-2 or ryanodine gradient did not exhibit the reversal of soma translocation (25/41, not included in the analysis in Figure 6D ). No redistribution of active RhoA was observed in most of these cells (23/25). Taken together, these FRET results indicate that the reversal of soma translocation is accompanied by a redistribution of active RhoA.
DISCUSSION
The leading growth cone and the soma display coordinated translocation in neurons migrating along cocultured radial glial cells (Edmondson and Hatten, 1987) and in living brain tissues (Komuro et al., 2001; Yee et al., 1999) , suggesting that cellular mechanisms are required to coordinate the motility of these two distant parts of the neuron. We found that the leading growth cone is responsible for sensing the repulsive guidance factor Slit-2, and a Ca 2+ wave propagating from the growth cone to the soma is responsible for triggering the reversal of neuronal migration. Furthermore, we showed that the migrating neuron exhibits a frontal accumulation of RhoA and that Ca 2+ -mediated migration reversal requires RhoA activity and is accompanied by a redistribution of active RhoA toward the new leading front. Thus RhoA appears to act as a downstream effector of the long-range Ca 2+ signal that is responsible for coordinating the reversal process.
Long-Range Cytoplasmic Signaling in Neurons
We found that the leading growth cone of migrating neurons is primarily responsible for detecting Slit-2, a factor known to repel migrating neurons (Wu et al., 1999) . This was indicated by observation that both the reversal of neuronal migration and Ca 2+ elevation could be triggered by a Slit-2 gradient in front of the leading growth cone but Figure 5F . Data represent mean ± SEM. not in front of the soma. Furthermore, the distribution of Slit-2 receptor Robo2 was polarized in the migrating neuron, with enrichment at the leading growth cone. Although the soma is apparently not involved in detecting the Slit-2 signal, it may still regulate neuronal migration by its adhesion to the substrate and by providing transcription-dependent signals for neurite growth (Weimann et al., 1999) . The preferential localization of Slit-2 sensitivity at the growth cone dictates the need for long-range signaling between the growth cone and the soma during the reversal of neuronal migration.
Long-range signaling is required for chemokine-induced directed migration of leukocytes, with the front end sending retraction signals to the trailing end and the latter sending signals to the front for stabilizing its ''frontness'' . Chemoattractant-induced local self-enhancement and long-range inhibition are also likely to be involved in the amplification of directional signals underlying growth-cone turning (Meinhardt, 1999) and directed cell migration (Iijima and Devreotes, 2002) . There is increasing evidence for rapid long-range signaling within the neuronal cytoplasm. Local elevation of cAMP (Zheng et al., 1994) or target cell contact at an advancing neuritic growth cone leads to growth inhibition of other sibling neurites. Conversely, growth-cone collapse of one neurite of cultured retinal ganglion cells triggers lateral extension along the trailing neurite (Davenport et al., 1999) . Severing the axon or removing the target of one axonal branch also leads to the changes in the growth and projection pattern of other branches in the developing leech nervous system (Johnson et al., 2000; Loer et al., 1987) . The neurotrophininduced signal received at the axonal terminals propagates rapidly to the soma and dendrites for retrograde modulation of cellular functions (Du and Poo, 2004; Ginty and Segal, 2002) . Many of these long-range cytoplasmic signaling processes may be mediated by rapid spread of second messengers or their downstream effectors. The present study showed that propagating Ca 2+ waves from the growth cone to the soma can serve for longrange signaling in the guidance of neuronal migration; it is both necessary for the Slit-2 action and sufficient by itself in reversing neuronal migration. The CICR in the leading process is required for this Ca 2+ wave propagation since the wave was abolished by blocking Ca 2+ release through ryanodine channels. The average propagation speed of Slit-2-induced Ca 2+ waves in these neurons (8 mm/s) is close to that of fertilization-induced Ca 2+ waves in oocytes (Gilkey et al., 1978) and glutamate-induced Ca 2+ waves across electrically coupled glial cells (Cornell-Bell et al., 1990) , both of which require CICR. The time required for the propagation of Slit-2-induced Ca 2+ wave from the growth cone to the soma (10 s) was much shorter than that found for detectable changes in the soma translocation (10 min). We attribute this delay to the time required for the accumulation of Ca
2+
-dependent cytoplasmic effectors and subsequent cytoskeletal rearrangements underlying the reversal process.
While Ca 2+ wave is responsible for the long-range signaling involved in the reversal of neuronal migration, longrange signaling for coordinating the soma motility during forward migration remains to be elucidated. Our recent studies revealed the existence of a forward flow of cortical F-actin in the leading neurite, which is required for coordinating the forward movement of the leading growth cone and the soma of these cultured granule cells (C-B.G., unpublished data). It appears that a sustained signaling from the growth cone to the soma is mediated by a forward flow of cortical F-actin during forward neuronal migration, whereas the propagating Ca 2+ wave overrides this sustained forward signal, resulting in the reversal of migration.
Role of Ca 2+ in Neuronal Migration A gradient of Ca 2+ elevation across the axonal growth cone can mediate either attractive or repulsive turning of the growth cone induced by a gradient of extracellular guidance cues (Henley and Poo, 2004) . In the present study, however, a frontal gradient of Slit-2 generated a uniformly high Ca 2+ elevation in the growth cone, resulting in a propagating Ca 2+ wave, which was absent during the growth-cone turning induced by the guidance cue (data not shown). A sudden global Ca 2+ elevation is known to cause growth-cone collapse (Gomez and Zheng, 2006; Kater and Mills, 1991) , but the magnitude of Ca 2+ elevation induced by the low-level ryanodine was not sufficient for causing immediate growth-cone collapse in these granule cells ( Figure 3E ). Other intracellular signals triggered by Robo activation, e.g., Abl kinase (Bashaw et al., 2000) , may be required for the growth-cone collapse triggered by Slit-2, whereas Ca 2+ wave is specifically required for the reversal of neuronal migration. There is increasing evidence that Ca 2+ signaling regulates the motility and direction of migratory cells (Brundage et al., 1991; Komuro and Rakic, 1996; Yacubova and Komuro, 2002) . A Ca 2+ gradient across the cell body was observed in directed migration of eosinophils and cultured granule cells (Brundage et al., 1991; Xu et al., 2004) . Furthermore, reversing the Ca 2+ gradient across the soma resulted in the reversal of migration of cerebellar granule cells on the surface of cocultured radial glial cells (Xu et al., 2004) . We further showed that a Ca 2+ wave induced by Slit-2 is responsible for conveying the reversal signal in the migrating neuron. While Ca 2+ gradients or Ca 2+ waves convey the directional signal for the guidance of growth cone or neuronal migration, respectively, the amplitude or the frequency of spontaneous global Ca 2+ fluctuation appears to be responsible for regulating spontaneous neuronal motility since such fluctuation positively correlates with the speed of neuronal migration (Komuro and Rakic, 1996) but inversely correlates with growth-cone motility (Gomez and Spitzer, 1999) .
RhoA Activity and Its Redistribution during Reversal of Migration
The RhoGTPases are essential for neurite growth, axon guidance, and cell migration (Fukata et al., 2003; Luo, 2000) . We found that the reversal of neuronal migration induced by Slit-2 specifically requires RhoA activity because the reversal was blocked by inhibiting RhoA activity with DN-RhoA, toxin B, or C3 transferase. A previous study has shown that Slit-2 did not affect RhoA activity in SVZa neurons but elevated RhoA activity in HEK293 cell (Wong et al., 2001 ). However, we found that Slit-2 downregulated RhoA activity in granule cells in a Ca 2+ -dependent manner, a result further confirmed by the FRETbased imaging of active RhoA in living cells ( Figure S5 ). Cell-type differences may be the cause of differential effects of Slit-2 on RhoA activity reported by Wong et al. (2001) . It is unlikely that RhoA inhibition blocked the migration reversal by directly blocking the growth of a new leading neurite in the opposite direction because RhoA inhibition promotes, rather than inhibits, nerve growth (Bito et al., 2000) . Furthermore, since RhoA failed to redistribute to the opposite side of the soma when Slit-2-triggered migration reversal was blocked ( Figure 5 ), RhoA redistribution is likely to be involved in changing the polarity of the migrating neuron. This notion was supported by the finding that both the total RhoA and the active RhoA exhibited polarized distribution in the soma and were redistributed toward the opposite pole during the reversal of migration (Figures 5 and 6 ). Our result is consistent with the finding that active RhoA is preferentially located at the leading front of cultured fibroblasts (Pertz et al., 2006) , a process essential for the reorientation and stabilization of the direction of cell migration (Palazzo et al., 2001; Wen et al., 2004) . For netrin-1-induced chemotaxis of granule cells out of cultured cerebellar explants, RhoA activity is also required for soma translocation (Causeret et al., 2004) . These findings support the idea that the distribution of RhoA activity at the soma plays an active role in the guidance of neuronal migration. Finally, we note that although RhoA is essential for the reversal of soma translocation, none of the three RhoGTPases is required for the Slit-2-induced growth-cone collapse in these cultured granule cells (Figure 4 ). Other signaling pathways may be responsible for Slit-2-induced growth-cone collapse.
A Model for Slit-2-Induced Reversal of Neuronal Migration In summary, our results support the following scheme of cellular signaling during the reversal of neuronal migration induced by Slit-2 (Figure 7 ). Slit-2 activation of its receptors at the leading growth cone triggers a Ca 2+ wave that propagates to the soma, resulting in a front-to-rear gradient of Ca 2+ elevation. This somatic Ca 2+ gradient in turn causes a gradient of RhoA inhibition that leads to the redistribution of RhoA toward the rear of soma, a process required for establishing the reversed direction of migration. The mechanism by which Ca 2+ wave induces the redistribution of RhoA remains to be elucidated. There is evidence suggesting that downregulation of RhoA activity may alter the balance of cortical myosin activity (Kimura et al., 1996) . For the reversal of neuronal migration, a front-to-rear Ca 2+ gradient may thus cause a myosindependent rearward flow of the cortical F-actin (DeBiasio et al., 1996; Heath, 1983 ) that ''pulls'' RhoA to the rear by a process analogous to the cortical flow of proteins during the fertilization-induced zygote polarization (Hird and White, 1993; Munro et al., 2004) . Initial reversal in the distribution of active RhoA may further enhance the backward cortical flow by a positive feedback mechanism. This process of RhoA redistribution may require cumulated effects of the Ca 2+ gradient across the cell, leading to the observed delay in the onset of soma reversal following the frontal Slit-2 application.
EXPERIMENTAL PROCEDURES
Culture Preparation and Migration Assay Cerebellar tissues from Sprague-Dawley rats (P0-P3) were incubated in 0.1% trypsin (Sigma) in PBS for 10 min at 37 C, followed by trituration. Dissociated cells were resuspended and plated on coverslips coated with laminin (25 mg/ml; Sigma) and were used for experiments in L-15 medium (GIBCO) 12-20 hr after plating. Gradient of chemicals was produced by methods described previously (Xiang et al., 2002) . Previous studies have shown that under the standard condition, the concentration of the factor at 100 mm from the pipette tip is about 10 3 -fold lower than that in the pipette (Lohof et al., 1992) . Slit-2 was purified as described previously (Xu et al., 2004 ) from the conditioned medium collected from a cultured HEK293 cell line stably expressing human Slit-2-myc (gift from Dr. Y. Rao, Northwestern University). Purified Slit-2 was used for pipette application at 4 mg/ml. The control supernatant was obtained by the same purification procedure using conditioned medium of HEK293 cells not expressing Slit-2-myc. For pharmacological treatments, chemicals were added 30 min before the assay and present throughout the experiment unless stated otherwise. For blocking Slit-Robo interaction, we used the conditioned medium collected from a HEK293 cell line expressing nRobo2-Fc (gift from Dr. S. Guthrie, University of London). Local perfusion of drugs was performed by using two glass micropipettes (outflow and suction pipettes wave to the soma, leading to a redistribution of RhoA (Middle), whose activity is required for the reversal of neuronal migration (Right).
of opening 1-2 and 8-12 mm, respectively, and positioned 50-70 mm apart), a condition that produces localized perfusion over a region of about 20 mm in width.
Calcium Imaging
Neurons were loaded with Fluo-4 AM and Fura-Red AM (2 mM, Molecular Probes) with 0.1% dimethyl sulfoxide in serum-free medium for 30 min at 37 C and imaged on a Zeiss LSM 510 confocal microscope at 403 (N.A. 1.30). Cells were excited by the laser at 488 nm, and the fluorescence between 505 nm to 550 nm was measured for the Fluo-4 signal, whereas fluorescence >635 nm was simultaneously detected as the Fura-Red signal. Changes in the Ca 2+ signals were determined by changes in the ratio of Fluo-4 to Fura-Red fluorescence (DR).
Cell Transfection
Cultured granule cells were transfected with DNA constructs using the Rat Neuron Nucleofector Kit (Amaxa; Li et al., 2005) according to the manufacturer's instructions. The GFP-tagged Robo2 was constructed by subcloning the full-length Robo2 (gift from Dr. S. Guthrie, University of London) into pEGFP vector (Clontech) at the EcoRI site. Analyses were made on granule cells with low-level expression of Robo2-GFP and normal morphology. The GFP-tagged WT-Cdc42, WT-Rac1 WT-RhoA, T17N DN-Cdc42, T17N DN-Rac1, and T19N DN-RhoA in pCS2 vector were gifts from Dr. D. Turner (University of Michigan). GTPase activities were measured as described previously (Yuan et al., 2003) using mouse monoclonal antibodies against Cdc42 (Santa Cruz), Rac1, and RhoA (Upstate).
FRET-Based Imaging of Active RhoA
The FRET probe for monitoring the subcellular RhoA activity was kindly provided by Dr. M. Matsuda (Osaka University). The RhoA probe, pRaichu-RhoA (YFP-RBD-RhoA-CFP), was fused with the C-terminal sequence of WT-RhoA and displayed an identical intracellular distribution as endogenous RhoA (Yoshizaki et al., 2003) . Cells transfected with the FRET probe were imaged on a Nikon TE2000-E microscope at 603 (N.A. 1.40) and were illuminated by a Polychrome IV monochromator (TILL Photonics) producing the excitation light at 436 nm. The emission signal was separated into two channels (with Dual View D465/30 and HQ535/30, Optical Insights) at 465 ± 15 nm as CFP and 535 ± 15 nm as YFP, recorded simultaneously by the Cascade 512B CCD (Roper Scientific). The ratio of YFP to CFP, as determined by the MetaFluo software, represents the FRET signal, which is proportional to the RhoA activity. To examine the spatial pattern of FRET signal during migration, transfected granule cells were cultured in full medium with 10% fetal bovine serum. For temporal changes in FRET level before and after various treatments, cells with low motility were examined after 6 hr serum deprivation.
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